ABSTRACT Beet leafhoppers (Circulifer tenellus Baker) have been identiÞed as the vector for a plant-pathenogenic phytoplasma known as beet leafhopper-transmitted virescence agent. Beet leafhopper-transmitted virescence agent causes purple top disease in potatoes, which can reduce yields and tuber quality. A trapping network, composed of Ϸ100 sites, monitors leafhoppers in the Columbia Basin of Oregon and Washington through a collaborative effort of regional researchers and stakeholders. Yellow sticky cards were used to determine the timing and spatial distribution of beet leafhoppers in the Columbia Basin; insects were counted weekly from early April through late October in 2006, 2007, and 2008. Weather data collected from a network of weather stations in Oregon and Washington were used in a nonparametric multiplicative regression analysis to determine which abiotic environmental variables might inßuence beet leafhopper populations. Weather conditions (mean temperature, dew point, precipitation, and wind speed) for 2006 Ð2008 were also characterized using CIs established based on weather data from 1998 to 2004 for each weather variable. Several abiotic environmental factors signiÞcantly correlated with beet leafhopper populations, including temperatures the preceding fall and winter, elevation, and precipitation. Beet leafhopper populations appear to be highly variable across the region, with low numbers at a majority of the sites and only a limited number of high populations in localized areas.
Potatoes are grown on Ϸ150,000 acres in the Columbia Basin, with a farm-gate value of about $700,000,000 (NASS 2011) . Since 2002 the Columbia Basin potato industry has experienced periodic, major outbreaks of purple top disease (Hamm et al. 2003 , Lee et al. 2004 . Purple top in potatoes is characterized by curling and purpling in the upper foliage of the plant, virescence of the foliage and ßowers, aerial tubers, and a proliferation of stems or leaves (i.e., witches broom) (Golino et al. 1988 , Munyaneza et al. 2007 ). Crosslin et al. (2005) identiÞed the pathogen as a phytoplasma transmitted mainly by the beet leafhopper Circulifer tenellus Baker (Hemiptera: Cicadellidae), called Beet LeafhopperTransmitted Virescence Agent (BLTVA). BLTVA has a wide host range and can also have negative impacts on other minor crops, including radishes and tomatoes (Golino et al. 1989 , Shaw and Golino 1990 , Schultz and Shaw 1991 , Shaw et al. 1993 , Munyaneza et al. 2007 ). Foliar symptoms caused by BLTVA can be confused with the symptoms caused by aster yellows, psyllid yellows, potato leafroll virus (Gabelman et al. 1994 , Burkness et al. 1999 , Hamm et al. 2003 ) and more recently zebra chip (Munyaneza et al. 2008b) . Purple top can also reduce yields, and the quality of potato tubers (Munyaneza et al. 2007) . Potato growers in the Columbia Basin area make regular insecticide applications for beet leafhopper control beginning in May and continuing through mid to late June (Schreiber 2003 , Munyaneza et al. 2010 .
The potential agricultural pest status of the beet leafhopper was documented in the area as early as 1937 (Hills 1937 . The Columbia Basin of Oregon and Washington serves as an overwintering site and breeding ground for beet leafhoppers (Hills 1937 , Cook 1942 . Beet leafhoppers are typically found in hot, high-desert habitat and develop on a variety of weed species, including Russian thistle (Salsola iberica Sennen), redstem Þlaree (Erodium cicutarium L.), and various mustard species, such as tumble mustard (Sisymbrium altissimum L.) and ßixweed (Descurainia sophia L.) (Severin 1930 , Hills 1937 , Cook 1967 . Coincidentally, BLTVA is present in many of the same weeds that serve as hosts for beet leafhoppers in the Columbia Basin, producing mild or imperceptible symptoms (Golino et al. 1989) . Approximately 30% of the beet leafhoppers in the Columbia Basin carry the phytoplasma, although the infection rate may range from 9 to 35%, depending on locality and year (Munyaneza et al. 2010) . During most of the year, these annual weeds are green, and provide a superior habitat for beet leafhoppers compared with irrigated crops. However, during hot summer months, many weeds die and dry out, forcing the beet leafhoppers into irrigated crops, including potatoes (Cook 1942) .
In 2003, a trapping network was established to monitor potato pests, including beet leafhoppers, throughout the Columbia Basin to serve as a warning system for local growers, and in 2004 the network was expanded to include the potato tuberworm, Phthorimaea operculella Zeller (Lepidoptera: Gelechiidae) (Munyaneza et al. 2008a , DeBano et al. 2010 . Previous researchers have proposed that beet leafhopper populations may be sensitive to environmental variables, including winter temperatures and snow cover (Cook 1967) , or winter rains (Hills 1937) . The objective of the current study is to establish trends in beet leafhopper populations in the Columbia Basin, and identify abiotic environmental variables that might have a signiÞcant impact on population levels the following season.
Materials and Methods
Trapping Network. The trapping network, coordinated by Oregon State University and Washington State Potato Commission, is described in DeBano et al. (2010) (Fig. 1) . This network has monitored beet leafhoppers since 2003 (Munyaneza et al. 2008a ); however, the data used in this study include only 2006, 2007, and 2008 . These years contain both high and low beet leafhopper populations. Beet leafhopper traps consisted of a double-sided, yellow sticky card secured to a wooden stake Ϸ7.6 cm above the soil surface . The sticky cards measured 10.2 ϫ 15.2 cm with 9.5 ϫ 13.3 cm of sticky surface area per side (Cascade Ag Service, Wenatchee, WA). Trapping began on 1 April, 31 March, and 5 April in 2006, 2007, and 2008, respectively . Traps were placed near the edge of commercial potato Þelds, often in the weedy margins. Traps were collected and replaced weekly, as well as the insects counted. The number of sites was 99, 83, and 104 in 2006, 2007, and 2008, respectively . The minimum distance between sites was Ϸ750 m. Collections ended on 16 November, 15 November, and 6 November, respectively, in 2006, Data Analysis. Annual Weather Trends. Weather data were collected at 13 Agrimet and/or Washington State University AgWeatherNet weather stations located in the Columbia Basin (Fig. 1) . Data from these stations may be accessed at the respective U.S. Department of the Interior Agrimet (http://www.usbr. gov/pn/agrimet/wxdata.html), or Washington State University AgWeatherNet (http://weather.wsu. edu/) websites. Weather data from 1998 through 2004 at the Hermiston weather station were used to establish 95% CIs for several weather variables in each season, including minimum temperature (Winter), maximum temperature (Spring), mean temperature (Summer and Fall), precipitation, dew point, and wind speed. Dew point was selected because it serves as an indirect measure of humidity. These CIs were then used to compare seasonal averages within each month from 2006, 2007, and 2008 . Seasonal averages that fell outside the CI were deemed statistically different.
Nonparametric Multiplicative Regression. Local mean nonparametric multiplicative regression (LM-NPMR) models were used to estimate the response of beet leafhopper populations to multiple environmental variables for each season in 2006, 2007, and 2008 (Table 1) . LM-NPMR uses a Gaussian function to weight and smooth data points around each mean (McCune 2011). Many species do not respond to environmental variables in a linear function, but rather a function that would be described as hump-shaped (McCune 2011). While other forms of regression assume species responses are linear or logarithmic, nonparametric multiplicative regression (NPMR) does not restrict the response to a particular mathematical function. An additional advantage of NPMR is that, while many other methods incorporate only a limited number of variables, NPMR allows for examination of a large number of environmental variables in the model simultaneously. This form of analysis can be very informative when dealing with a complex system that may be inßu-enced by a variety of environmental factors (McCune 2011) . The weather station closest to each trap site was selected as the source of weather data, distances were determined using global positioning system (GPS) coordinates and the tools available on the GPS Visualizer Utility (http://www.gpsvisualizer.com/). The average distance between a site and weather station was 11.5 km, with a minimum of 0.1 and a maximum of 25.6 km. Models were selected using three factors: 1) simplicity, 2) xR 2 values, and 3) biological relevance. More complicated models were not considered if they did not increase the xR 2 value by Ϸ5% or more, and/or they did not increase the biological relevance of the simple model. Selected models were then evaluated for signiÞcance using a Monte-Carlo test with 100 iterations of the model. All NPMR analyses were performed using HyperNiche 2.
Spatial Distribution and Abundance. Mean beet leafhopper counts for each site in the summer and fall of each year were mapped using GPS coordinates and the GPS Visualizer Utility. The mean numbers of beet leafhoppers captured at each site over the whole year were compared to determine the distribution of beet leafhoppers in the Columbia Basin. A KruskalÐWallis was used to compare counts between sites because the data could not be transformed to meet the necessary normality assumptions for analysis of variance (ANOVA). The distributions of these data were tested for normality using a RyanÐJoiner test (similar to ShapiroÐWilk) and visualized using a histogram. The mean abundance of beet leafhoppers collected per trap was compared between years Spring: Mar., April, and May; Summer: June, July, and Aug.; Fall: Sept., Oct., and Nov.; Winter: Dec., Jan., and Feb. using ANOVA. All analyses were conducted using Minitab 16.
Results
Trapping Network. The population dynamics of beet leafhoppers in the Columbia Basin are highly variable (Fig. 2) There also appears to be two generations during the summer months, as demonstrated by two population peaks in Fig. 2 , one in early summer and one in the fall.
Annual Weather Trends. The weather variables examined for 2006 through 2008 were within the CIs provided by the 7-yr average, in most cases (Fig. 3) . However, in 2006 the minimum mean temperature in December was signiÞcantly lower than the CI, as was the mean dew point, while the precipitation for December and May were statistically higher than the CI. In contrast, in 2007 and 2008 the mean minimum temperature was border line to being signiÞcantly low in January while the dew point was signiÞcantly low.
Nonparametric Multiplicative Regression. Several environmental factors signiÞcantly correlated with beet leafhopper populations ( Table 2 ). In the spring (Fig. 4) . Elevation also correlated signiÞcantly with beet leafhopper populations in the spring of 2007 (Fig.  5 ). In 2008, there were signiÞcant relationships between mean weekly beet leafhopper trap counts in the spring and mean minimum temperatures the previous winter (Fig. 6a) . Summer populations had a signiÞcant relationship with elevation, latitude, and summer precipitation ( Fig. 6b-d) . Spatial Distribution. The distribution for summer and fall of each year appear to be highly variable ( Spring includes March, April, and May. Summer refers to June, July, and August. Relationships were analyzed using nonparametric multiplicative regression. SigniÞcant at P Ͻ 0.01 using a Monte-Carlo test. , and (b,c,d ) Summer. Fall refers to September, October, and November. Winter refers to December, January, and February. Spring includes March, April, and May. Summer refers to June, July, and August. Relationships were analyzed using nonparametric multiplicative regression. SigniÞcant at P Յ 0.05 using a Monte-Carlo test. 0.010, respectively) and they were all strongly skewed to the left, indicating that only a few sites had high numbers of beet leafhoppers (Fig. 8) .
Discussion
Beet leafhopper populations appear to be signiÞ-cantly inßuenced by elevation and temperatures during the preceding seasons. In 2006, beet leafhopper populations were signiÞcantly greater than the two following years. Based on these data, beet leafhopper populations are greater when the previous fall or winter temperatures are high, at lower elevations. For 2006 spring and summer populations, the previous fall or winter (respectively) temperatures had the strongest correlation with leafhopper populations. The winter temperatures and dew point in 2006 were signiÞcantly lower during the month of December, while the mean precipitation was signiÞcantly higher (i.e., higher snowfall/rain). This is in contrast to years with smaller populations (2007 and 2008) where mean minimum temperatures, dew point (i.e., humidity), and precipitation (i.e., limited snowfall) were relatively low for December and January. These results agree with the theory discussed by Cook (1967) , who proposed that during extreme temperatures, snowfall provides a form of refuge or insulation for winter annuals, and in turn, overwintering beet leafhoppers. These Þndings may also support the theory presented by Hills (1937) , that winter rain plays an important role in beet leafhopper survival by encouraging growth of winter annuals.
Another inference from these results is that perhaps fall and overwintering conditions have the most prominent inßuence on beet leafhopper populations. Fall and winter conditions in 2006 appeared to be inßu-ential and favorable to beet leafhopper populations, resulting in a large population the following summer. However, the winter conditions in 2007 and 2008 may have been less favorable, and resulted in small leafhopper populations. When the most signiÞcant variables result in low populations, then other variables that are less inßuential, such as elevation and latitude, become visible. As both elevation and latitude are often closely associated with factors like temperature and precipitation, these relationships are not surprising. Beet leafhopper populations increase as moisture increases at lower elevations. However, populations are high at latitudes between N 46.6 Ð 48.8Њ, when there is little to no precipitation during the summer. There are several factors that may explain this relationship. Precipitation would prolong the survival of annual weeds in the area and possibly stimulate germination of additional host plants. Beet leafhoppers lay eggs in their host plants (Severin 1930) , and death of the host plant could result in the death of any eggs or neonate leafhoppers associated with that plant. In addition, because beet leafhoppers are capable of surviving at very high temperatures, warmer temperatures at lower elevations would also increase beat leafhopper populations (Cook 1967) .
According to our results beet leafhopper populations in the Columbia Basin are highly variable. While at many of the sites beet leafhoppers might be relatively low, a few sites each year have larger populations. These Þndings suggest that beet leafhopper populations may be relatively localized within the Columbia Basin. This is in agreement with previous observations for the Columbia Basin but contrasts with the populations of beet leafhoppers in California, which are documented to be highly migratory and widely dispersed (Cook 1967) .
Finally, these results provide evidence that the current beet leafhopper control practices are justiÞed, though they highlight the need for both regional and Þeld-level insect monitoring. It is also apparent that populations in the Columbia Basin are not consistently high enough to warrant insecticide applications every year. As demonstrated during the three seasons reported here (2006Ð2008), the timing for peak beet leafhopper populations varies considerably from one season to the next. For example, in 2006 the population reached a large peak in late June or early July, and applications might have been required past end of June. In contrast, in 2008, populations did not warrant any control measures until late May, but in 2007, the standard control measures from May-late June would have been sufÞcient. These conclusions are in agreement with the related population trends reported for 2003Ð2005 in the Columbia Basin (Munyaneza et al. 2008a ).
While the current results identify signiÞcant environmental variables in beet leafhopper population dynamics, the landscape ecology of this insect in the Columbia Basin is still not well understood. Further research is necessary to identify the species composition of plant communities that support beet leafhopper populations in the Columbia Basin. Additional research regarding host preferences and overwintering sites is also needed. The extent of migration within the breeding area in the Columbia Basin would be an important area of future research. It is unclear why these insects are migratory in California, while they appear to be relatively localized in the Columbia Basin. Additionally, detailed research investigating ecology and migration would provide a better understanding of beet leafhopper biology, and help researchers anticipate population outbreaks in the future.
